Cubic strontium manganese oxide is an end-member of the colossal magnetoresistive (CMR) family of manganese-based perovskites, Ln 1-x AE x MnO 3 . Because normal synthesis conditions lead to the 4-H hexagonal polymorph, high-pressure conditions are typically used to obtain the cubic perovskite polymorph. In this work, we describe the synthesis and structural/physical characterization of the cubic perovskite form of the high-alkaline-earth containing phases of Y 1-x Sr x MnO 3 (x ≥ 0.7) as epitaxial thin films. Thin films of various stoichiometries were grown on single-crystal perovskite substrates SrTiO 3 , NdGaO 3 , and LaAlO 3 using pulsed laser deposition. After optimizing deposition conditions, the perovskite polymorph is obtained using PLD at 800ºC and 10-100 mTorr O 2 for x=1, 0.9, 0.8, and 0.7, as demonstrated by x-ray diffraction. Epitaxial growth was determined to be cube-on-cube. Electrical property measurements demonstrated insulating behavior and no metal-insulator transition or magnetoresistive behavior, similar to related stable compounds.
INTRODUCTION
Thin film deposition has been widely studied in recent years as a synthetic avenue for the development of materials having interesting properties such as superconductivity and magnetoresistance [1] . Thin film vapor deposition techniques, like chemical vapor deposition (CVD) or physical vapor deposition (PVD), transfer material to a substrate as gas or vapor phase. This changes greatly the kinetic pathways and thermodynamic states available to a given system, as compared to the bulk material, and allows for the synthesis of thin films as metastable phases, often at reduced temperatures and pressures [1] .
The colossal magnetoresistive (CMR) materials, Ln 1-x AE x MnO 3 , have been well characterized owing to their interesting and complex magnetotransport properties [2] . Materials in this chemical family typically exist in the bulk as one of three general polymorphs: a nonclose packed hexagonal phase, a close packed hexagonal perovskite, and a close packed cubic perovskite. For compositions with small Ln cations and large AE cations, the pseudocubic perovskite phase is metastable with respect to the hexagonal phases, and high-pressure or multistep processing is required to obtain it [3] [4] [5] . As a consequence, materials such as those in the Y 1-x Sr x MnO 3 system, for which the cubic perovskite is metastable (for x≥0.7 and x≤0.3), have not been widely studied as cubic perovskites, the basic structure of CMR materials. The work here investigates thin film processing as a possible route for stabilizing the metastable perovskite phase of compounds in this system.
It is well known that the chemical nature of the Ln and AE cations has been observed to influence the electronic/magnetic interactions owing to three effects: the overall charge state, the average cationic radius, and the site disorder [6] . It should be noted that these effects were all determined empirically through the systematic investigation of a wide range of materials. The majority of magnetoresistive perovskites exist as the Ln-rich compounds, or the p-type manganese oxides. It was shown that the CMR behavior also occurs on the AE-rich side of the family for Ln 1 -x Ca x MnO 3 , where x≥ 0.75 [7, 8] . To better understand the behavior of the ntype manganese oxides, we have studied the metastable system Y 1-x Sr x MnO 3 for x>0.7.
In previous work, the authors reported on the successful use of pulsed laser deposition (PLD) to stabilize YMnO 3 , one end-member of the Y 1-x Sr x MnO 3 system, as a thin film having the metastable perovskite structure [9] . PLD's versatility and ability to transfer target stoichiometry to the substrate makes it a suitable choice for this investigation. By choosing substrate materials with similar crystal lattices to the desired films, the interfacial energy associated with growing the perovskite structure is lowered relative to the stable hexagonal phase, and single-phase perovskites are obtained over a substantial range of temperatures and pressures. To gain a better understanding of phase formation in this family of materials, it is necessary to determine conditions necessary for growth of metastable perovskite SrMnO 3 films. When deposition conditions are optimized, the PLD parameters can be used to grow other compositions in this family with the metastable structure, and their physical properties can then be characterized. In this paper, we report on the pulsed laser deposition of Y 1-x Sr x MnO 3 (x≥0.7) as thin films with a metastable perovskite crystal structure.
EXPERIMENTAL
PLD targets were prepared using classical powder synthesis methods. Bulk targets of four different compositions were synthesized in the series Y 1-x Sr x MnO 3 : x=1, 0.9, 0.8, and 0.7, by mixing SrCO 3 , MnO 2 , and Y 2 O 3 powders, all with purity >99.9%, in the appropriate ratios. Sintering was achieved by firing overnight at 900°C, then at 1200°C. Prior to each heating, powders were wet ground for 10 minutes in ethanol, then dry ground for 30 minutes. After a final such grinding, pellets were pressed at >11,000 psi and sintered at 1500°C for 15 hours. X-ray diffraction confirmed that the dark blue-black, dense SrMnO 3 pellet was composed of a single hexagonal phase.
PLD was then carried out in a deposition system from Neocera (Beltsville, Maryland). Single crystal polished substrates (Crystal GmbH, Berlin, Germany) measuring 5 x 5 x 0.5 mm were prepared for deposition by ultrasonic cleaning in acetone, followed by ethanol, for 5 minutes each. The substrates used were SrTiO 3 (100), LaAlO 3 (100) and NdGaO 3 (101) (Pnma designation). Samples were attached to a substrate heater with silver paste and heated to the deposition temperature of 800°C under a background pressure of <10 -5 mTorr. The deposition atmosphere was established by lowering the turbopump speed and introducing flowing O 2 gas into the chamber to attain pressures of 10 and 100mTorr.
PLD was carried out using a Compex 201 series KrF laser (λ=248 nm, pulse duration=20ns) from Lambda Physik (Ft. Lauderdale, Florida.). The laser was operated at 3 Hz, target-tosubstrate distance of ≈60 mm, with a laser energy density at the target of ≈2.0 J/cm 2 . The target was rotated around its center during the deposition to keep the target surface fresh, and a short 5-minute ablation with the substrate shielded was performed to clean the surface. Depositions took place for 30 minutes. Following that, the samples were cooled in a static O 2 pressure of either 10 mTorr or 300 Torr.
Films were characterized structurally with x-ray diffraction. Rigaku XRD equipment with Cu Kα radiation was used to perform standard θ-2θ scans to determine film orientation. A Philips X'Pert diffractometer executed ω-and φ-scans to investigate film epitaxy. An Oxford PPMS was used to determine electrical resistivity as a function of temperature from 5-315 K.
RESULTS AND DISCUSSION
The initial step in synthesizing films in the system Y 1-x Sr x MnO 3 was to characterize the second end-member, SrMnO 3 . Three substrates were selected as candidates for this work: LaAlO 3 (100), NdGaO 3 (101), and SrTiO 3 (100). The lattice mismatches between these films and cubic perovskite SrMnO 3 are -0.2%, 1.7%, and 2.8%, each sufficiently low for epitaxial film deposition. The results of these depositions are shown in figures 1 and 2.
Crystalline films are clearly present on both substrates, as illustrated by the presence of the orthorhombic perovskite (200) peak belonging to the SrMnO 3 films. The films were nearly all single phase, though a very small hexagonal (111) peak is present on some films grown on SrTiO 3 , probably owing to its larger lattice mismatch. Diffraction peaks from the films deposited on LaAlO 3 were not visible because the nearly identical lattice matching causes the substrate peaks to obscure the film peaks.
Phi scans were performed on some of the best films to determine the epitaxial relationships between the SrMnO 3 and its substrates. Scans for the (220), (222), and (211) peaks of SrMnO 3 grown on SrTiO 3 were found at identical values of phi to those obtained for the same peaks of the substrate. Figure 3 shows phi scans of the (220) peaks for both film and substrate. This result indicates that the growth of the film took place in a "cube-on-cube" orientation, where cubic unit cells of SrMnO 3 grew right on top of, and with the same in-plane orientation as, the SrTiO 3 foundation. Phi scans on (222) peaks also support this conclusion. These scans appear identical to the (220) scans, only with each peak shifted by 45° relative to the (220) peaks. Phi scans on the (211) peaks are presented in figure 4 . The 8 peaks that are present are actually 2 sets of 4 peaks, with each set of 4 having an even 90° separation. Each set is separated by an angle of ≈26.6 from the (220) peak positions, and, naturally, an angle of twice that, ≈53.1, from each other. Taking the growth plane to be (100), this angle corresponds to the angle between the projections of these planes into the (100) plane. In other words, one angle is equal to that between (010) and (012), and the other between (010) and (021).
When stabilized in bulk form as a perovskite, SrMnO 3 is cubic with a lattice parameter of 3.808° [3] . However, both SrTiO 3 and NdGaO 3 have slightly larger lattices than SrMnO 3 , so one might expect tensile strains in the growth plane and compression of the out-of-plane axis to accommodate the misfit. Growth axis parameters of 3.76 Å and 3.78 Å were calculated for SrMnO 3 films on SrTiO 3 and NdGaO 3 , respectively. This is consistent with in-plane tensile strain, seen to a greater extent on the larger substrate, SrTiO 3 .
With appropriate conditions established for deposition of both end-members, synthesis of Ydoped SrMnO 3 could be undertaken. To cover the range of n-doped cubic perovskite metastability for Y 1-x Sr x MnO 3 , films with x=0.9, 0.8, and 0.7 were grown on each of the aforementioned substrates. Growth was successful for all substrates and compositions at 800ºC and 200 mTorr O 2 , and film peaks became visible on diffraction patterns with higher Y-doping even for LaAlO 3 substrates. Film thicknesses were determined to be 600-650 Å for films with x=0.8 and x=0.7, corresponding to a deposition rate of approximately 0.35 Å/s. X-ray patterns as a function of yttrium doping are presented in figures 5 and 6 on substrates SrTiO 3 and NdGaO 3 . For both substrates, the out-of-plane lattice parameter decreased as more yttrium was added, moving towards that observed for Electrical property measurements were carried out on the yttrium-doped SrMnO 3 films. Figure 7 shows the temperature dependent normalized resistivity, ρ(T)/ρ(300 K), measured on heating in a field of 0 Tesla for several films. In all cases below T ≈ 100 K, the overall resistance of the samples surpassed the experimental measurement limit (R> MΩ) because the samples are extremely thin. Nevertheless, the contacts remained stable on thermal cycling; further measurements on heating or cooling were similar to those shown below. None of the films investigated demonstrated a metal-to-insulator transition over the entire temperature range. Also, resistance values measured in H= 7 T were unchanged relative to the curves shown here; in other words, no magnetoresistance was observed. The absolute values of the resistivities at T = 300 K for the samples given in curves a, b, and c were ≈ 0.02, 0.07, and 1 Ω-cm, respectively. These curves and values are similar to those observed by Sarathy et al. [8] 
CONCLUSIONS
Single-phase, epitaxial thin films of Y 1-x Sr x MnO 3 (x≥0.7) with a metastable perovskite crystal structure were grown using pulsed laser deposition. Films were obtained by depositing at 800°C and under oxygen pressures of 10 and 100 mTorr on each of three substrates, LaAlO 3 (100), SrTiO 3 (100), and NdGaO 3 (101). Phi scans determined the film-substrate relationships to be distorted "cube-on-cube" with the out-of-plane axis slightly shorter than the in-plane axis. Electrical property measurements demonstrated no metal-insulator transition for any of the n-doped films, similar to bulk samples stable under normal synthesis conditions.
